Electrochemical, X-ray diffraction, and K and L edge X-ray absorption data are reported for the layered cathode material Li 1.2 Mn 0.4 Cr 0.4 O 2 . The structural data show that this material can be understood as a solid solution of the layered phases Li 2 MnO 3 and LiCrO 2 , comprising tretravalent Mn and trivalent Cr, with approximately 0.2 lithium incorporated in the transition metal layers. According to the analysis of the K edge extended X-ray absorption fine structure, lithium ions in the transition metal layers are clustered around Mn ions. L edge X-ray absorption near edge spectra show that in the first charge-discharge cycle chromium is the electrochemically active species, cycling between Cr 3ϩ and Cr Layered lithium manganese oxides are of interest as cathodes for rechargeable lithium batteries due to the safety, low cost, and low toxicity of manganese-based materials. However, basic problems such as the collapse of the layer structure toward the spinel structure have not yet been solved. This collapse usually leads to poor rate performance and to evolution of a two-plateau voltage profile, both of which are undesirable for practical applications. 3 Although lower Cr/Mn ratios gave lower capacities, high reversible capacities of up to 200 mAh/g were found in examples with a Cr/Mn ratio of around 1.0.
Layered lithium manganese oxides are of interest as cathodes for rechargeable lithium batteries due to the safety, low cost, and low toxicity of manganese-based materials. However, basic problems such as the collapse of the layer structure toward the spinel structure have not yet been solved. This collapse usually leads to poor rate performance and to evolution of a two-plateau voltage profile, both of which are undesirable for practical applications. 1 Recently the development of a novel layered oxide cathode material, Li 1.2 Cr 0.4 Mn 0.4 O 2 , was reported, showing high capacity and good cycling stability in lithium-ion cells. 2 The material belongs to the solid solution series Li 2ϩx Cr y Mn 2Ϫy O 4ϩ␦ first reported by Davidson et al., 3, 4 corresponding to the formulation Li 3 CrMnO 5 using the notation given by Davidson et al. ͑in the present work we prefer to use the notation Li 1.2 Cr 0. 4 Mn 0.4 O 2 because it relates better to the rock salt crystal structure, as discussed below͒. Davidson et al. have evaluated the solid solution range in Li 2ϩx Cr y Mn 2Ϫy O 4ϩ␦ from y ϭ 0.49 to y ϭ 1.46, and found that discharge capacity tends to increase with higher Cr/Mn ratio, up to 230 mAh/g. 3 Although lower Cr/Mn ratios gave lower capacities, high reversible capacities of up to 200 mAh/g were found in examples with a Cr/Mn ratio of around 1.0.
The objective of the work reported here is to examine in greater detail the structure and electrochemistry of the Li 1.2 Cr 0.4 Mn 0.4 O 2 material. We are interested in this phase because the composition has shown high capacity and yet contains 50% of its transition metal content as Mn. During the first charge of this material, up to 270 mAh/g ͑corresponding to nearly 1 Li in Li 1.2 Cr 0.4 Mn 0.4 O 2 ͒ can be extracted. This is only possible if either side reactions occur or the average transition metal valence state in the charged cathode is higher than the expected tetravalent state. The work reported here uses a combination of X-ray diffraction, and X-ray absorption at the transition metal K and L edges, to investigate the crystal and electronic structure of Li 1.2 Cr 0.4 Mn 0.4 O 2 , as prepared and during the first charge-discharge cycle. X-ray diffraction ͑XRD͒ gives information about the long range order. X-ray absorption spectroscopy ͑XAS͒ provides independent local structural information for the manganese and chromium coordination environments, including information about the oxidation state. Together these methods allow a full description of the structure and redox processes occurring during the first cycle to be given. X-ray diffraction.-Powder XRD data were collected on a Philips X'Pert diffractometer using Cu K␣ radiation. Rietveld refinement of the data was carried out using Fullprof 6 software.
Experimental
Electrochemical testing and preparation of cathodes for ex situ measurements.-For the electrochemical cycling and ex situ XRD and XAS measurements, cathodes comprising the Li 1.2 Cr 0.4 Mn 0.4 O 2 powder ϩ carbon black ϩ poly͑vinylidene fluoride͒ in 80:12:8 weight ratio were coated on an aluminum foil current collector. Cathodes were assembled in coin cells together with lithium metal foil anodes, glass fiber separators, and 1 M LiPF 6 in ͑50 w/w ethylene carbonate ϩ 50 w/w dimethylene carbonate͒ electrolyte solution, under a dry ͑Ͻ1 ppm H 2 O͒ argon atmosphere. An Arbin series BT2043 automated battery charging system was used to cycle the cells.
For the ex situ experiments, cells were charged and discharged at 10 mA/g to the desired voltage, and allowed to equilibrate for 40 h before opening the cells to recover the cathodes. The cathodes were rinsed with diethyl carbonate and stored in dry sealed containers until the X-ray absorption near-edge structure ͑XANES͒ measurements.
X-ray absorption experiments.-XAS experiments were carried out at the Synchrotron Radiation Research Center ͑SRRC͒, Hsinchu, Taiwan. All data were collected at room temperature. Cr and Mn K edge data were recorded in transmission mode on as-synthesized powder mounted on Scotch tape, at the BL17C Wiggler beamline using a double-crystal Si͑111͒ monochromator. The higher X-ray harmonics were rejected by mirrors. The spectra were scanned from 5.8 to 7.5 keV using a gas-ionization detector. The ion chambers used for measuring the incident (I o ) and transmitted (I) beam intensities were filled with a mixture of N 2 and He gases and a mixture of N 2 and Ar gases, respectively. The energy scales were calibrated by monitoring with Cr and Mn foils. Data were normalized and analyzed using the extended X-ray absorption fine structures ͑EXAFS͒ programs of Michalowicz, 7 following procedures described previously. 8 XANES measurements.-These measurements at the Cr and Mn L 23 edges were performed directly on the cathode films, on the 6 m high-energy spherical grating monochromator ͑HSGM͒ beamline. Samples were put into an ultrahigh vacuum chamber (10 Ϫ9 Torr͒ in order to avoid surface contamination. The XANES spectra were recorded by the sample drain current mode at room temperature. The incident photon flux (I o ) was monitored simultaneously by a Ni mesh located after the exit slit of the monochromator. All X-ray absorption spectra were normalized to I o . The photon energies were calibrated within an accuracy of ϳ0.1 eV using known absorption peaks of CuO. Figure 1 shows the powder XRD pattern of the Li 1.2 Cr 0.4 Mn 0.4 O 2 material. For comparison a pattern of a sample prepared at lower temperature ͑750°C͒ is added. The inset enlarges the region between 15 and 32°2. In this region a buckle appears, more or less pronounced depending on the annealing temperature. Figure 2 shows the X-ray data together with the calculated pattern and the difference between the calculated and observed patterns. The pattern can be indexed in the R3 m space group. The unit cell parameters for the hexagonal cell are a ϭ 2.886 Å and c ϭ 14.372 Å.
Results

X-ray diffraction.-
with x Х 0 (x ϭ Ϫ0.01) and y ϭ 0.16. Thus the layer structure consists of lithium layers ͑3b sites͒ alternating with transition metal/ lithium layers ͑3a sites͒, separated by oxygen layers. M was fixed as M ϭ ͓Cr 1/2 Mn 1/2 ͔.
The crystal structure is similar to that of other layered lithium transition metal oxides such as LiCoO 2 ͑which is ͕Li͖ 3b ͓Co͔ 3a (O 2 ) 6c ), with the significant distinction that K edge XANES.-In general, the shape of K edge XANES spectra of transition metals in oxides is sensitive to the local structural environment of the element, while the threshold energy position of the absorption edge is sensitive to oxidation state. Figure 3A shows the XANES spectrum for Li 1.2 Cr 0.4 Mn 0.4 O 2 at the Cr K edge, compared with the spectrum for layered LiCrO 2 . The two spectra are practically identical, indicating that the Cr environments in the two compounds are similar. It can be concluded that chromium in Li 1.2 Cr 0.4 Mn 0.4 O 2 is trivalent and in octahedral sites similar to LiCrO 2 . Figure 3B shows the XANES spectrum for Li Table  I gives the coordination numbers and interatomic distances for the first coordination shell of oxygen, and second coordination shell ͑in this compound corresponding to the occupancy of the six nearestneighbor cation sites in the transition metal layer͒, around Cr and Mn, obtained by least-squares fitting of the EXAFS data. Data ob- Further evidence for the local ͓Li 1/3 Mn 2/3 ͔ cluster model derives from the observation that the peak present in the Fouriertransformed Cr edge data at ca. 5.7 Å is much weaker in the Mn data. The distance corresponds to twice the nearest-neighbor cation distance, i.e., to the next-nearest-neighbor Mn or Cr ion along the linear path formed by the edge-sharing MO 6 octahedra within the transition metal layers. The intensity of the peak in the Cr data is enhanced by a multiple scattering of the EXAFS photoelectron, a so-called focusing effect where the presence of the intermediary atom acts as a kind of lens. 9 The coherence of this M-M-M interaction appears to be lost in the Mn data, consistent with local clusters of ͓Li 1/3 Mn 2/3 ͔-type ordering. In Li 2 MnO 3 the linear transition metal chains are interrupted by lithium, following the sequence M-M-Li-M-M-Li...
Electrochemical testing and XRD of charged and discharged
cathodes.- Figure 5 shows the first and second cycle chargedischarge voltage curves for Li 1 irreversibility. Subsequent discharges are, however, the same as the first discharge, suggesting that no significant irreversible structural changes occur after the first cycle. Figure 6 shows XRD patterns recorded for cathodes extracted from cells after the first charge to 4.4 V, and after one full charge-discharge cycle between 4.4 and 2.5 V. Relative peak intensities are unreliable, particularly at lower angle, as a result of recording data on electrode films. Nonetheless the data show single phases with R3 m symmetry for the cathode in both the charged and discharged state, with hexagonal cell parameters of a ϭ 2.863 Å and c ϭ 14.20 Å, and a ϭ 2.886 Å and c ϭ 14.34 Å, respectively. The overall structural framework and layered character of the material is therefore preserved through charge and discharge, although the c/a ratio decreases slightly in the charge process. Figure 7 shows the results of extended cycling. Both at room temperature and 55°C the cathode material shows very good capacity retention. Figure 8 shows the discharge voltage profiles of the cells at current rates from C/5 ͑30 mA/g͒ to 2C ͑300 mA/g͒ measured from cycle 16 to 19, and from cycle 96 to 99. The voltage profiles remain stable, without evidence for the evolution of a double plateau around 4 V which typically appears in the discharge curves of layered manganese oxides as they undergo structural modification to spinel-related phases. 1 The appearance of a 4 V step in the discharge profiles of layered manganese oxides occurs when Mn ions migrate out of the transition metal layer leading to nucleation of spinel-like domains in the crystal structure with tetrahedral sites available for insertion of Li ions, as recently described by Reed et al. 10 The absence of a 4 V step in the discharge profile of the The Cr L edge spectrum for Li 1.2 Cr 0.4 Mn 0.4 O 2 before charging matches well to that of Cr 3ϩ in LiCrO 2 , confirming the conclusions from the K edge XAFS. After charging to 4.4 V, the basic spectrum of the LiCrO 2 -type structure is maintained ͑although with slightly lowered intensity͒, but an additional strong peak appears at around 579 eV. The latter peak corresponds to the energy position known for the 2p 3/2 spectrum of Cr 6ϩ . 11 XANES spectra recorded on cathodes at intermediate states of charge, 3.85 and 4.1 V ͑not shown in Fig. 9͒ , show that the 579 eV peak appears early in the charge cycle and simply increases in intensity with increasing state of charge. During charge, therefore, Cr 3ϩ is consumed and Cr 6ϩ is formed. The mechanism is reversible. When the cathode is discharged to 2.0 V the 579 eV peak vanishes and the spectrum returns to that of trivalent Cr in the LiCrO 2 -type environment. Figure 9 ͑bottom͒ compares the Mn L-edge spectra for the same cathodes as Fig. 9 ͑top͒, with the spectrum of Li 2 MnO 3 . Again, the Mn spectrum of Li 1.2 Cr 0.4 Mn 0.4 O 2 matches very well with that of Li 2 MnO 3 , confirming the conclusions from the K edge XAFS that Mn is predominantly in a 4ϩ oxidation state. With charge and discharge the Mn L edge spectrum shows only small variations in the relative intensities of the different components of the multiplet, but no change in energy position. The small changes in relative intensities indicate some changes in the local structural environment, but no significant change in electronic state.
Discussion
XRD and EXAFS data together provide detailed information about the distribution of lithium, chromium, and manganese ions in It is known that Cr 3ϩ has a high stabilization energy for octahedral sites, but Cr 6ϩ is only stable in tetrahedral sites. This implies that the Cr ions must reversibly migrate between octahedral and tetrahedral sites in the structure during charge and discharge. This would mean that lithium diffusion is coupled with a migration of chromium, which may account for the higher capacities obtained at 55°C relative to 20°C. The migration of Cr ions into tetrahedral sites during charge is difficult to determine with any precision from the XRD data of the charged cathode in Fig. 6 , however structural evidence for reversible migration of Cr ions between octahedral and tetrahedral sites has been observed by in situ XAFS measurements.
13 Surprisingly, the Cr migration does not have an adverse effect on the cycle life of the cathode, since Li 1.2 Cr 0.4 Mn 0.4 O 2 has been cycled for more than 200 cycles at a C/2 charge and discharge rate with no serious loss of capacity.
As yet, it has not been possible to effectively stabilize O3 layered lithium manganese oxides, with manganese predominantly trivalent in the discharged state, against collapse toward spinel-type structure during cycling. The present results indicate that O3 layered phases with tetravalent manganese may present a different behavior.
Conclusions
The lithium-rich manganese chromium oxide Li 
